Abstract. An experimental device and procedure are described for the fully automatic determination of the surface tension of liquids and (particularly) surfactant solutions. The computercontrolled system is capable of yielding precise and reproducible values of that quantity. The possibilities of equilibration times selected by the user. cleaning the surface by suction. and adding fresh solution prior to each measurement are emphasised among other capabilities. As an example. a solution of sodium dodecylsulphate ( mol dm--') plus sodium chloride ( mol dm-3) is extensively studied.
Introduction
In the study of the physicochemical properties of surface active agents in solution, and particularly the analysis of the adsorption of these substances at the air-solution interface, the surface tension j! of these solutions is frequently needed. It is well known that the measurement of this quantity, no matter what method is used, is a complicated task. This fact is mainly the consequence of two circumstances. Firstly, the importance of precise control of a large number of parameters and characteristics of the system (temperature, purity, cleanliness, etc), and secondly, the necessity of carrying out a considerable number of determinations in the same experimental conditions in order to estimate the uncertainty in the determination of y. For these reasons, recent trends point to the substitution of manual operations by automatic devices, free of the errors inherent in subjective evaluations.
There are at present good commercial automatic devices for the determination of surface tension. However, the conventional procedures employed, although specially suitable for pure liquids, do not include the automation of the modifications that become necessary when aging effects are present at the surface. It has long been known that these effects are particularly important when working with surfactant solutions: and several methods have been proposed in the literature to avoid or minimise such effects. The procedure of Bartholome and Schaffer (1950) should be mentioned among others. In this method, the surface layer of the solution is drawn by suction before each measurement. On the other hand, the procedure of extensive foaming and subsequent elimination of the foam has often been used as a late step in the purification and cleaning of the surface when working with surfactant solutions (Elworthy and Mysels 1966) . The device to be described in this work allows the fully automatic determination of y by using either the ring (Lecbmte du Nouy) or plate (Wilhelmy) methods. It incorporates the above cited procedure of sucking off the surface layer, although, in order to avoid the decrease in surfactant concentration in
Experimental device
The device is shown schematically in figure 1, and consists of the following parts.
(i) A semi-micro-electronic balance (A) (Mettler A E 163) used for the measurement of the pull on the ring or plate. The balance is provided with an RS-232-C serial interface for sending data to the microcomputer mentioned below.
(ii) Measuring cell (B). This cell was made in Pyrex glass and its dimensions (internal diameter 140 mm, height 75 mm) avoid the wall and edge effects described by Furlong and Hartland (1979) and Lukenheimer and Wantkee (1981) . The lid, like the cell itself, is provided with double walls for thermostatisation and is fitted with an 0 ring and a simple spring system.
(iii) Micrometric device (C) for the vertical displacement of the cell. It consists of a vertical bench on which the cell holder (stainless steel) can slide. The holder is raised and lowered. at a speed of 3 x lO-'m s-', by the action of a triphase electric motor (M) (Orient Motor Co., Japan).
(iv) Suction system consisting of a suction pump (AP) (Ordisi, Spain) and a glass tube 2 mm in internal diameter. The distance between the tip of the tube and the surface can be varied with a micrometric screw for an accurate positioning.
(v) A peristaltic pump (Eyela, Japan) is used to take out fresh solution from the auxiliary reservoir and adding it to the cell before each measurement.
(vi) Circulating thermostat (T) (Haake F3K. FRG) that maintains the temperature of the solution to within (vii) The whole system is controlled by a microcomputer (D) (HP 86B) that receives the readings from the balance and controls all the peripherals through a HP 3421A data acquisition unit (E). This unit changes the direction of rotation of the motor when necessary, and switches the suction or peristaltic pumps.
"C.
, rJ----&m T .. Items (i)-(iii) are supported by a specially designed table to avoid vibrations, and the whole equipment is placed in a basement in which a source of filtered and conditioned air maintains the room temperature at 25 = 1 'C.
Method
The method we propose is sketched in the block diagram of figure 2. More details, for the case of the ring method, are given in what follows. After preparing the solution to be studied (we will not refer here to the well known aspects, such as the purity of the water and surfactants, cleaning of the glassware employed, avoiding contamination, etc; the reader is referred to papers where these precautions are thoroughly explained, such as Elworthy and Mysels (1966), Mingins and Taylor (1974) , Padday and Russell (1960) ) the reservoir and the cell are thermostated and the temperature checked until the desired value is reached (temperature measurements are again carried out automatically via the data acquisition unit).
Next, the process of cleaning the surface is started: the tip of the tube connected to the suction pump is placed -3 mm below the surface, and the pump is switched on until the liquid level has decreased enough for the tip of the tube to be above the surface. Hence, the surface layer itself is sucked during the later seconds of the operation, and the foam that could be present is thus removed. The relative position between the ring and the suction tube is adjusted so as to ensure that at the end of the operation the pull on the ring is around 75% of the maximum value, thus reducing the mechanical perturbation implied by lowering the cell (see below) to a minimum. The following step is waiting ('stand-by' in figure 2) until the equilibration time has elapsed. After this time, which is well known to depend on the characteristics of the surfactant, its purity, concentration, etc. a constant value of surface tension can be attained. The equilibration time can be estimated in previous experiments carried out with increasingly long stand-by intervals. The motor is then switched on and the cell holder is lowered until the computer detects a maximum reading of the balance. We have usually carried out this operation in a continuous fashion, i.e. the balance sends readings to the computer as the cell is being mechanically lowered. In extreme cases. especially when working with very dilute surfactant solutions, it may be more convenient to lower the cell in discrete steps (with further equilibration intervals, long enough to obtain a constant reading of the balance between two successive steps) until the maximum reading is found. This maximum pull will be used, with the suitable corrections (Gifford 1978 , Harkins and Jordan 1930 . Huh and Mason 1975 , to compute y. The cell is subsequently raised to the original position by inverting the rotation of the motor, fresh solution from the reservoir is added, and the measuring cycle is started again.
At the end of the number iV, of cycles, the complete set of values obtained for the surface tension are statistically analysed. and a final y value can be ascribed to the solution under study.
Reproducibility
In order to check the capabilities of the device and method, we will present some results obtained for solutions of sodium dodecylsulphate (Merck. minimum purity 99% according to the manufacturer) with a concentration of lo-' mol dm-' in the presence of mol dm-3 of NaC1. In these experiments, the temperature was always 25.00 * 0.05 O C , and the ring used (Kruss. FRG) had a cross section of 0.1 mm2 and a radius of 9.536 0.001 mm. Table 1 shows the mean values of y obtained in eight independent experiments (newly prepared solutions were used in each of them) with different numbers of determinations of the maximum pull on the ring. This table also shows the average. j?.
of the eight determinations as well as its standard error. which is a parameter characteristic of the reproducibility of the method. This error is fairly close to that calculated for each of the individual series of values.
A five minute stand-by was chosen for all the above mentioned experiments in order to compare our result with that obtained by Tajima (1971) for the same system (the results of this author were obtained using the drop volume method, the equilibrium drop volume being attained within five minutes). Both values of y are quite similar, the difference (approximately 2?6) being probably due to the different methods employed, which would require different times to attain surface equilibrium.
Conclusions
In this work: we have described an automatic device for the determination of the surface tension of pure liquids and, particularly. surfactant solutions. The use of a microcomputer for controlling all the tasks that are involved in the determination of that quantity, provides a considerable degree of versatility to suit the needs of nearly any user. The procedure we propose (one out of many other possibilities), which can be followed specifically for the case of the ring method, appears to yield precise and reproducible measurements of surface tension.
